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A small suite of iodo-aryl amide containing amino acids were synthesized and assessed as catalysts for
the hypervalent iodine(III) mediated a-oxytosylation of ketones. The efficiency of each catalyst was
determined by comparing the relative rates of catalysis in the direct a-oxytosylation of propiophenone.
In addition, these catalysts can be easily converted to congeners that are suitable for Fmoc-solid phase
peptide synthesis for facile incorporation into a chiral peptide framework. This work facilitates the
broader goal of our program to develop peptide-based enantioselective catalysts for hypervalent iodine
chemistry.

� 2020 Elsevier Ltd. All rights reserved.
Introduction

In recent years, a number of chiral materials bearing aryl
iodides have emerged as versatile organocatalysts and reagents
for enantioselective processes hinging on hypervalent iodine(III)
intermediates [1–4]. The main attraction of utilizing hypervalent
iodine catalysts arises from their ability to act as practical alterna-
tives to heavy metals due to their inexpensive cost, environmen-
tally benign and stable nature, and similar reactivity patterns in
comparison to transition metals [3–5]. In the last decade, consider-
able attention has been focused on applying catalytic amounts of
chiral aryl iodide precatalysts or iodine (III) stoichiometric
reagents for enantioselective processes [2,5]. Many groups have
demonstrated success with such systems, yet processes deploying
highly modular and easily tunable catalyst scaffolds are less devel-
oped [2,6–8].

A number of investigations have validated the use of chiral pep-
tide scaffolds in asymmetric catalysis [9–12]. The utility of pep-
tides as catalysts stems from their facile synthesis, modular
nature, and functional versatility [11–13]. We have initiated a
strategy to combine the desirable features of hypervalent iodine
(III) catalysis with the modularity of peptide scaffolds with the ulti-
mate goal of developing a new class of peptide-based precatalysts
that might be useful for enantioselective processes governed by
hypervalent iodine(III) chemistry.

Initially, our group reported an investigation of the steric and
electronic determinants that govern the reactivity of iodoarene
amide catalysts in the direct a-oxytosylation of propiophenone
(Scheme 1, see catalysts 1–3 and generic peptide 4) [14]. In the
context of our broader catalyst design strategy, the study of N-
butyl iodoarene amides 1–3 was motivated by a desire to investi-
gate the effects of the amide functional group on the catalytic per-
formance of aryl iodide precatalysts. This line of inquiry was
pursued because the amide linkage represented a logical means
to incorporate the aryl iodo motif into a broader peptide frame-
work. Nevertheless, this strategy was necessarily limited to the
installation of the aryl iodo amide precatalyst to the N-terminus
of the peptide chain (e.g. generic precatalyst 4) using conventional
Fmoc solid phase peptide synthesis (SPPS) [15–17]. While it was
noted that the presence of an amide moiety slightly impaired the
rate of the transformation, three highly reactive catalysts 1–3
emerged from this study, all of which positioned the iodine pre-
catalyst in the meta position relative to the amide.

In the next phase of our efforts, we envisioned the incorporation
of similar, highly reactive iodoarene amides into the side chain of
Fmoc-SPPS-ready amino acids (i.e. generic scaffolds 5 and 6,
Scheme 1). Such a strategy would allow for the incorporation of
the iodoarene active site anywhere along the peptide sequence
by means of routine SPPS (see generic peptide 7). Herein, we report
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Scheme 1. Strategies for incorporating highly reactive aryl-iodo amide precatalysts into a peptide backbone for asymmetric hypervalent iodine catalysis.
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the straightforward synthesis of a series of Fmoc-protected amino
acids (6) that incorporate the critical iodoarene active site onto the
amino acid side chain via an amide bond. Further, we demonstrate
that these iodoarene containing amino acids exhibit comparable
reactivity in the catalytic a-oxytosylation of ketones. Finally, we
have demonstrated the feasibility of incorporating these novel
amino acids into a peptide scaffold by means of conventional SPPS.
Results and discussion

We elected to install the appropriate iodoarene active site onto
the side-chain of various diamino acids, through an amide cou-
pling, resulting in a variety of iodinated amino acid catalyst ana-
logs (11a – 13d, Scheme 2). One would expect that the tether
Scheme 2. Synthetic route to gene
length between the free amine, slated to bear the Ar-I(III) active
site, and the amino acid a-carbon might play a vital role in the
design of an effective chiral catalyst, therefore we elected to probe
simultaneous modification of L-diaminopropanoic acid (Dap, n = 1),

L-diaminobutanoic acid (Dab, n = 2), L-ornithine (Orn, n = 3) and L-
lysine (Lys, n = 4). Our syntheses began with the commercially
available Na-protected carboxybenzyl (i.e. Cbz or Z) diamino acids,
because the Z protecting group was more suitable for conventional
amidation reaction conditions than the base-labile Fmoc protect-
ing group. Furthermore, we opted to first convert the Na-Z-diamino
acids to their methyl ester derivatives in order to avoid undesirable
side-reactions during the acylation step.

The synthetic route for our small series of Na-Z-amino methyl
ester I(III)-precatalysts 11a – 13d is outlined in Scheme 2. To begin,
rate twelve aryl-iodo catalysts.
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the commercially available Na-Z-diamino acids (8) were converted
to their corresponding acyl chlorides in the presence of thionyl
chloride in methanol in order to generate the methyl esters, 9.
The desired active iodoarene sites (i.e. 10) were then coupled to
the free amine side-chain following traditional base-assisted ami-
dation conditions to provide the desired iodo-arene amide contain-
ing amino acids 11a–13d. Scaffold 12a was successfully
characterized by by X-ray crystallography (Fig. 1).

Catalysts 11a–13d (Scheme 2) were then investigated as cata-
lysts for the a-oxytosylation of propiophenone (14). All conversion
rates and enantioselectivities (i.e. % ee) of product 15 were
obtained by means of GC and chiral stationary phase HPLC analysis,
respectively. The direct a-oxytosylation of propiophenone 14 was
initially carried out for 24 h at room temperature in the presence
of 10 mol % catalyst (Table 1).

Na-Z-amino methyl ester I(III)-precatalysts 12b, 12c, 13b, and
13c generated the desired a-oxytosylated propiophenone product
15 in quantitative yields following the allotted 24 h (Entries 6–7
and 10–11, Table 1). Precatalyst structures 12b and 12c represent
Fig. 1. X-ray structure of amino acid 12a.

Table 1
Evaluation of catalysts 11a–13d for the a-oxytosylation of propiophenone (14).

Entry Catalyst Yield of 15 (%)a,b Ee of 15 (%)c

1 11a 47 ± 3 1.2
2 11b 82 ± 3 <1
3 11c 84 ± 1 1.6
4 11d 35 ± 2 1.5
5 12a 79 ± 3 1.7
6 12b quant. 2.0
7 12c quant. 3.8
8 12d 84 ± 1 <1
9 13a 93 ± 3 2.6
10 13b quant. 2.1
11 13c quant. <1
12 13d 92 ± 3 <1

a GC yield (triplicate runs; ISTD: tetraglyme).
b 0.1 mmol scale.
c As judge by chiral stationary phase HPLC.
a 5-iodo-2-methoxy active site attached to the side-chain of Z-
Dab-OMe and Z-Orn-OMe (12b, n = 2 and 12c, n = 3), respectively.
Precatalysts 13b and 13c possess a 5-iodo-2-methoxy-4-methyl
iodoarene structure with amino acid side-chain lengths of n = 2
and 3. In order to discern the identity of the most active catalyst
(s) in our 24 h screen, reactions promoted by the four best catalysts
(12b, 12c, 13b, and 13c) were quenched with dimethylsulfide after
only 4 h. As shown in Table 2, catalyst 13c – containing the active
iodoarene site on the side-chain of the methyl ester derivative of
ornithine – performed the best, followed by catalyst 12b, with a
2-carbon tether length, providing the desired product in 49% and
46% conversions, respectively. (Entries 1 and 4, Table 2)

Catalysts 11a and 11d, with side chain tether lengths of n = 1
and n = 4, resulted in the lowest yields after 24 h at room temper-
ature, with n = 4 giving the desired product 15 in only 35% yield
(Entries 1 and 4, Table 1). This data suggests that there may be
an ideal intermediate distance (in terms of catalyst activity)
between the Ar-I site and the a-carbon of the amino methyl ester.
Evidently, the most reactive catalytic framework involves the
attachment of the iodoarene two or three methylene units away
from the amino a-carbon. Conversely, the presence of one or four
methylene units (i.e. modified Z-Dap-OMe and Z-Lys-OMe) results
in slower conversion during the a-oxytosylation of propiophenone.

Not surprisingly, there was no significant enantioinduction
observed in the preparation of 15 promoted by our library of func-
tionalized amino methyl ester catalysts; they all resulted in essen-
tially racemic mixtures of the a-oxytosylated product 15
regardless of side-chain tether length or the active iodoarene con-
stituent (Tables 1 and 2).

Next, we modified the Cbz-protected amino methyl ester 11a
into an Fmoc-SPPS compatible amino acid (16) in order to demon-
strate that the iodo-arene amide containing amino acids could be
employed directly in solid phase peptide synthesis (Scheme 3). In
order to accomplish this task, the methyl ester in 11a was con-
verted to the free carboxylic acid via saponification, then the
Cbz-protecting group of the diamino acid was removed in the pres-
ence of trimethylsilyl iodide (TMSI) [18,19]. Subsequently, the
amine was re-protected with the base-labile Fmoc carbamate
[19–21]. These amino acids are accessible at gram scale as demon-
strated by the preparation of Fmoc-SPPS-compatible amino acid
catalyst 16 which contains an unsubstituted iodoarene active site
tethered one methylene away from the a-amino acid carbon.

Further, we were able to demonstrate the successful incorpora-
tion of 16 into a simple b-turn peptide with the sequence Ac-Ile-
(16)-Pro-D-Ala-Ala-Ala (17) following standard Fmoc-SPPS proto-
cols [15–17]. Briefly, the peptide was prepared on the Rink Amide
Table 2
Evaluation of catalysts 12b,c and 13b,c for the a-oxytosylation of propiophenone (14)
over 4 h.

Entry Catalyst Yield of 15 (%)a,b Ee of 15 (%)c

1 12b 46 ± 1 1.4
2 12c 42 ± 0 <1
3 13b 42 ± 1 1.3
4 13c 49 ± 1 <1

a GC yield (triplicate runs; ISTD: tetraglyme).
b 0.1 mmol scale.
c As judge by chiral stationary phase HPLC.



Scheme 3. Conversion of 11a into Fmoc-SPPS ready 16 and incorporation into b-turn peptide 17.
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MBHA resin that is functionalized with an Fmoc-protected amine.
Following resin swelling (CH2Cl2) and standard Fmoc-deprotection
(20% 4-methylpiperidine in DMF) the desired amino acid residues
were sequentially assembled onto the resin utilizing double
treatments of HCTU as the coupling agent in the presence of
diisopropylethylamine in DMF [15]. Upon coupling and deprotec-
tion of the final N-terminal amino acid (i.e. Ile), the N-terminus
was acetylated by treatment of the resin with 5% acetic anhydride
in DMF (5 mL, 5 min). The final iodoarene-containing peptide (17)
was cleaved from the resin following standard trifluoroacetic acid
(TFA) cleavage conditions (TFA/H2O/triisopropylsilane, 95:4.5:0.5).
Upon filtration from the resin, evaporation of the cleavage cocktail,
and precipitation with ice cold ether a powdery, white peptide was
obtained in 72% yield as judged from the resin loading. MALDI-TOF
MS analysis was used to verify the success of this synthesis (See ESI
for full details).
Conclusion

In conclusion, we have successfully generated a series of modi-
fied diamino acids that bear an iodoarene catalytic site (i.e. 11a–
13d) suitable for I(III) mediated transformations. We have evalu-
ated the reactivity of these novel amino-acids in the context of
the catalytic I(III) mediated a-oxytosylation of propiophenone.
Further, these materials can be appropriately protected for facile
incorporation into a peptide sequence by means of conventional
Fmoc-SPPS. We hope to leverage these novel amino acids in the
pursuit of developing an new class of peptide-based iodoarene cat-
alysts for asymmetric hypervalent iodine chemistry. The results of
these broader efforts will be reported in due course.
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